Introduction {#Sec1}
============

In the AdS/CFT context black holes are dual to ensembles of "heavy" CFT states whose conformal dimension scales as the central charge. A prototypical case is that of the Strominger--Vafa \[[@CR1]\] black hole which admits an $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {AdS}_3 \times S^3$$\end{document}$ decoupling limit and a dual description in terms of a two-dimensional SCFT \[[@CR2]\] often dubbed D1D5 CFT. The key breakthrough obtained in this approach is a precise account of the Bekenstein--Hawking entropy formula and its generalisations in terms of a microscopic counting for several BPS configurations; see \[[@CR3]\] for a recent review. It is very interesting to go beyond the counting problem and ask if the detailed understanding of the microstates of supersymmetric black holes can be used to shed any light on the conceptual puzzles that arise when formulating quantum mechanics in a black hole background. Of course this motivation underlines many developments, including the fuzzball proposal \[[@CR4], [@CR5]\] which aims to use string theory to detect deviation from the standard general relativity picture of a black hole at the scales of the horizon.

Here we use AdS/CFT duality as a tool to study a particularly simple set of heavy operators $\documentclass[12pt]{minimal}
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                \begin{document}$$O_H$$\end{document}$ in D1D5 CFT which are the Ramond--Ramond (RR) ground states. This ensemble is not dual to a macroscopic black hole at the level of two derivative gravity,[1](#Fn1){ref-type="fn"} but it provides a good testing ground as we know in detail the gravitational solutions dual to these states \[[@CR7]--[@CR9]\]. It is possible to test the dictionary between the RR ground states on the CFT side and the corresponding bulk description in terms of smooth geometries \[[@CR9]--[@CR13]\]: the basic idea is to exploit the AdS/CFT map between protected CFT operators $\documentclass[12pt]{minimal}
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                \begin{document}$$O_L$$\end{document}$ and the supergravity modes in the bulk and then compare the 3-point CFT correlators $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle O_H O_H O_L\rangle $$\end{document}$ with the holographic results obtained from the dual microstate geometries. Here the supergravity operators are indicated with a subscript *L* because they are "light", meaning that their conformal dimension is fixed in the large central charge limit $\documentclass[12pt]{minimal}
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                \begin{document}$$c= 6 N \rightarrow \infty $$\end{document}$. This class of 3-point correlators is protected \[[@CR14]\] and so it is possible to match directly the results obtained in the weakly curved gravitational regime and those derived at a different point in the D1D5 SCFT moduli space, where the boundary theory can be described in terms of a free orbifold.

While focussing on non-renormalised quantities is useful to established a dictionary between BPS states in different descriptions, this type of observables is not best suited to study interesting gravitational features of the black hole microstates. So it is important to extend the analysis to non-protected quantities involving heavy operators. Two dynamical quantities of this type have been under detailed scrutiny: the entanglement entropy of a region in a non-trivial state \[[@CR15]--[@CR17]\] and the HHLL 4-point function with two heavy and two light operators$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle O_H(z_1, \bar{z}_1) \bar{O}_H (z_2,\bar{z}_2) O_L( z_3, \bar{z}_3) \bar{O}_L(z_4,\bar{z}_4)\rangle . \end{aligned}$$\end{document}$$In this paper we study this second observable[2](#Fn2){ref-type="fn"} focussing on the large central charge limit $\documentclass[12pt]{minimal}
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                \begin{document}$$c\gg 1$$\end{document}$. When the D1D5 SCFT is at the free orbifold point in its moduli space, it is possible to calculate the correlator ([1.1](#Equ1){ref-type=""}) exactly by using standard techniques and to study the statistical properties of the result when the heavy operator is chosen from an ensemble of RR ground states \[[@CR19], [@CR20]\]. In order to extract detailed information on the dual gravitational theory, it is of course important also to deform the SCFT away from the free orbifold point and a possible avenue for doing this is to insert perturbatively operators corresponding to the interesting superconformal deformations (see \[[@CR21]\] and references therein for a recent discussion of this approach). Here we focus on the opposite limit and discuss how to calculate ([1.1](#Equ1){ref-type=""}) directly in the strongly interacting regime where the SCFT is well approximated by type IIB supergravity.

Notice that it is not straightforward to use the technology of the Witten diagrams to calculate the correlators above, since the heavy states correspond to multi-particle operators with a large conformal dimension and are not dual to a single supergravity mode. We bypass this issue by exploiting the known smooth geometries dual to the heavy states; then we use the standard AdS/CFT dictionary to calculate the HHLL correlators by studying the quadratic fluctuations of the supergravity field dual to the light operators in the asymptotically AdS geometry describing the heavy operators. This technique was developed \[[@CR22], [@CR23]\] in several concrete examples in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {AdS}_3/\hbox {CFT}_2$$\end{document}$ context which is of interest for this paper. In particular, these works discussed the case where the light operator is a simple chiral primary operator (see ([2.7](#Equ9){ref-type=""})): \[[@CR22]\] focussed on the case where the heavy state is made out of many copies of the same supergravity mode and found that the 4-point correlator at the gravity point matched precisely the orbifold theory result, suggesting that there is a non-renormalisation theorem for this type of correlators; \[[@CR23]\] considered a more complicated heavy operator made out of two types of supergravity modes. This second case provides the first explicit example of a dynamical HHLL correlator, where the result in the SCFT strong coupling region is radically different from the one valid at the orbifold point. However, the quadratic equations around the asymptotically AdS geometry were explicitly solved in a particular approximation where the two constituents forming the heavy multi-particle state are not on the same footing: the modes carrying a non-trivial R-charge are much more numerous than the modes with no R-charge. In this limit, the HHLL correlators could be written in terms of the standard D-functions that appear also in the evaluation of the standard Witten diagrams.

In this work we generalise the analysis of \[[@CR23]\] in several directions. First we consider the bosonic light operator studied in \[[@CR19], [@CR20]\] (see ([2.5](#Equ7){ref-type=""})) which is a superdescendant of the chiral primary operator mentioned above. This implies that the HHLL correlators derived in this paper should satisfy a Ward identity linking them to the correlators computed in \[[@CR23]\] (see ([2.12](#Equ14){ref-type=""})); as a consistency check, when we specify our new supergravity results to the heavy state considered in \[[@CR23]\], we show that the Ward identity is satisfied. On the gravity side, the derivation of the HHLL correlators is drastically simplified with respect to \[[@CR23]\] because the gravity perturbation dual to the light operator is described by the scalar Laplace equation in six dimensions, while for the case of the CPO one had to deal with a coupled system of a scalar and a 3-form. This simplified set-up allows one to consider more general heavy operators that are formed by many different types of supergravity modes. In one approach we still keep the approximation where the heavy state constituents include a large number $\documentclass[12pt]{minimal}
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                \begin{document}$$N^{(++)}_1$$\end{document}$ of R-charge carrying modes, which we denote by $\documentclass[12pt]{minimal}
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                \begin{document}$$|++\rangle _1$$\end{document}$, and much smaller numbers $\documentclass[12pt]{minimal}
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                \begin{document}$$N^{(0)}_k$$\end{document}$ of different modes with no R-charge, denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$|00\rangle _k$$\end{document}$, with *k* any positive integer. These states form an ensemble, whose generic elements we represent schematically as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} (|++\rangle _1)^{N_{1}^{\left( ++\right) }}\prod _{k} (|00\rangle _k)^{N_k^{(0)}}\quad {\mathrm {with}}\ N_{1}^{\left( ++\right) }+\sum _k k N_k^{(0)}=\frac{c}{6}. \end{aligned}$$\end{document}$$Of course, these states have a large R-charge $\documentclass[12pt]{minimal}
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                \begin{document}$$J\sim N_{1}^{\left( ++\right) }$$\end{document}$, but their ensemble has interesting statistical properties \[[@CR19], [@CR24]\] and an entropy that scales like $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{c/6-J}$$\end{document}$. One of the results of this paper is an explicit expression for the correlator ([1.1](#Equ1){ref-type=""}) with this type of heavy states, in the supergravity region of the SCFT moduli space. In an alternative approach we focus on a RR ground state that was considered also in \[[@CR23]\] and is made out of only the $\documentclass[12pt]{minimal}
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                \begin{document}$$|++\rangle _1$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$|00\rangle _1$$\end{document}$ modes. However, we keep the ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$N_k^{(0)}/N^{(++)}_1$$\end{document}$ of the two constituents arbitrary and derive an expression for the HHLL in terms of a Fourier series. While we do not perform the transformation to configuration space in general, we show explicitly that, when it is possible to compare them, the results obtained in the two approaches agree.

In summary our main results are:(i)the holographic computation of the correlator of the two bosonic operators in ([2.5](#Equ7){ref-type=""}) in a generic state of the ensemble ([1.2](#Equ2){ref-type=""}) in the limit $\documentclass[12pt]{minimal}
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                \begin{document}$$N_k^{(0)}\ll N_{1}^{\left( ++\right) }$$\end{document}$ (see ([3.29](#Equ46){ref-type=""}));(ii)the verification that the bosonic correlator computed here is related via a supersymmetric Ward identity to the fermionic correlator of \[[@CR23]\];(iii)the holographic computation of the same correlator in a state with $\documentclass[12pt]{minimal}
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                \begin{document}$$N_k^{(0)}=0$$\end{document}$ for $\documentclass[12pt]{minimal}
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                \begin{document}$$k\ge 2$$\end{document}$, exactly in the ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$N_1^{(0)}/N^{(++)}_1$$\end{document}$ (see ([3.44](#Equ61){ref-type=""}) and ([3.45](#Equ62){ref-type=""})).One of our main motivations for performing these computations is to contrast the correlators computed in pure states with those computed in a "black hole" background. As we mentioned above, the ensemble of BPS two-charge states is not described by a regular black hole in classical supergravity, but by the singular geometry obtained by taking the zero-temperature limit of the BTZ black hole. This geometry shares some properties with black holes: in particular, as we recall towards the end of Sect. [3.3](#Sec6){ref-type="sec"}, correlators computed in this background vanish at large Lorentzian time, albeit only polynomially. As first pointed out in \[[@CR25]\], and more recently emphasised in \[[@CR26]\] in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {AdS}_3$$\end{document}$ context, the late-time decay of correlators is one of the manifestations of the information loss problem. By contrast correlators in pure states should not decay. It is easy to see that this is the case for correlators computed at the orbifold point in a generic D1D5 state \[[@CR19], [@CR20]\]. The orbifold-point CFT, however, has some special features that distinguish it from the point where a weakly coupled gravitational description is applicable: in particular there exist at the orbifold point an infinite series of conserved (bosonic) currents, of which only the Virasoro and the R-currents survive at a generic point. The presence of these currents can certainly change qualitatively the late-time behaviour of the correlators. In some cases, like the ones considered in \[[@CR22]\], even just the R-current is sufficient to completely constrain the form of the correlator, and prevent the vanishing at late times. A mechanism based on the R-current, even if it applies uniformly on the moduli space, can reasonably be argued to be non-generic \[[@CR27]\]. The correlator we consider in this paper, where the light operators are the non-chiral primaries in ([2.5](#Equ7){ref-type=""}), is not constrained by the R-symmetry. This is confirmed by the fact that we verify in Sect. [4](#Sec7){ref-type="sec"} that only the conformal block of the identity[3](#Fn3){ref-type="fn"} contributes to the correlator in the light-cone OPE limit. We can use the exact strong coupling result obtained in Sect. [3.3](#Sec6){ref-type="sec"} to analyse the late-time structure of this correlator, and even in this more generic case we find that it does not decay. Note that this conclusion applies to a correlator computed in supergravity, and hence at leading order in the 1 / *N* expansion. Since all large *N* Virasoro blocks[4](#Fn4){ref-type="fn"} vanish at late times \[[@CR29]\], the only mechanism by which we can explain our findings is that even our non-protected correlator receives contributions from an infinite series of Virasoro primaries.[5](#Fn5){ref-type="fn"} These primaries cannot be single-particle operators: such operators, indeed, are either dual to protected supergravity modes, but then their contribution appears already in the orbifold-point result, or to string modes, which acquire large anomalous dimensions and decouple when one moves towards the supergravity regime. So the Virasoro primaries that contribute to our correlator at strong coupling must be multi-particle operators. It would be interesting to characterise more in detail such primaries and study their anomalous dimensions and three-point functions which, as in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {AdS}_5/\hbox {CFT}_4$$\end{document}$ case, are expected to receive corrections of order 1 / *N* in a generic point of the moduli space.

We conclude this introduction by outlining the structure of the paper. We begin in Sect. [2](#Sec2){ref-type="sec"} by defining the ingredients of the correlators we consider and by recalling their computation at the orbifold point in the CFT moduli space. Section [3](#Sec3){ref-type="sec"} contains the holographic derivation of the correlators, which follows from the solution of the Laplace equation in the geometries dual to the RR ground states ([1.2](#Equ2){ref-type=""}). We first perform the perturbative computation in the limit $\documentclass[12pt]{minimal}
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                \begin{document}$$N_k^{(0)}\ll N_{1}^{\left( ++\right) }$$\end{document}$ and then, for a particular state, the exact computation in $\documentclass[12pt]{minimal}
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                \begin{document}$$N_1^{(0)}/N^{(++)}_1$$\end{document}$. To clarify the CFT meaning of the holographic result, we take in Sect. [4](#Sec7){ref-type="sec"} various OPE limits of the strong coupling correlator: we show that in the light-cone OPE limit the only contribution comes from the Virasoro block of the identity, but the usual Euclidean OPE contains an infinite series of Virasoro primaries. In Sect. [5](#Sec8){ref-type="sec"} we examine the late-time behaviour of the correlator and find a qualitative difference with the zero-temperature limit of the thermal correlator. We summarise our results and present possible future developments in Sect. [6](#Sec9){ref-type="sec"}. Some orbifold CFT technology is reviewed in Appendix [A](#Sec10){ref-type="sec"}. In Appendix [B](#Sec11){ref-type="sec"} we show that the linearised equation of motion describing our light operators reduces to the Laplace equation in six dimensions. Some of the computational details of the holographic derivation of the correlators are explained in Appendix [C](#Sec12){ref-type="sec"}.

Correlators with RR ground states {#Sec2}
=================================

In this section we use the D1D5 CFT at the orbifold point to describe the correlators under analysis. In this case the CFT target space is $\documentclass[12pt]{minimal}
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                \begin{document}$$K_3$$\end{document}$) and the theory can be formulated in terms of *N* groups of free bosonic and fermionic fields[6](#Fn6){ref-type="fn"} $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Big (\partial X^{A\dot{A}}_{(r)}(z),\, \psi ^{\alpha \dot{A}}_{(r)} (z)\Big ),\quad \Big ({\bar{\partial }} X^{A\dot{A}}_{(r)}({\bar{z}}),\, {\tilde{\psi }}^{\dot{\alpha } \dot{A}}_{(r)} ({\bar{z}})\Big ), \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$(A\dot{A})$$\end{document}$ is a pair of *SU*(2) indices forming a vector in the CFT target space, while $\documentclass[12pt]{minimal}
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                \begin{document}$$(\alpha ,\dot{\alpha })$$\end{document}$ are indices of $\documentclass[12pt]{minimal}
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                \begin{document}$$SU(2)_L\times SU(2)_R$$\end{document}$, which is part of the R-symmetry group; finally $\documentclass[12pt]{minimal}
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                \begin{document}$$r=1,\ldots N$$\end{document}$ is a flavour index running on the various copies of the target space on which the symmetric group $\documentclass[12pt]{minimal}
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                \begin{document}$$S_N$$\end{document}$ acts. As standard in orbifold constructions, beside the untwisted sector where the fields on each copy are periodic, there are twisted sectors (labelled by the conjugacy classes of $\documentclass[12pt]{minimal}
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                \begin{document}$$S_N$$\end{document}$) where a group of *k* copies form a "strand" and the periodicities act non-diagonally on the index (*r*), as for instance in ([A.4](#Equ83){ref-type=""}).

As mentioned in the introduction we study the 4-point functions with two primary light operators that are part of a short supersymmetric multiplet and two heavy operators that are RR ground states. The most general heavy state in this sector is defined by a partition of $\documentclass[12pt]{minimal}
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                \begin{document}$$S_N$$\end{document}$ determining the strand structure and by the quantum numbers under the *SU*(2)s mentioned above determining the fermionic vacuum of each strand. We focus on the "elastic" case, where the OPE between the two light operators and the one between the two heavy operators contain the identity and so we have $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} z = \frac{z_{14} z_{23}}{z_{13}z_{24}},\quad \bar{z} = \frac{\bar{z}_{14} \bar{z}_{23}}{\bar{z}_{13}\bar{z}_{24}} \end{aligned}$$\end{document}$$and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{G}$$\end{document}$ from the correlators one can take the gauge $\documentclass[12pt]{minimal}
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Bosonic correlators at strong coupling {#Sec3}
======================================

The aim of this section is to study the HHLL correlators discussed above on the bulk side by using the supergravity approximation of type IIB string theory on $\documentclass[12pt]{minimal}
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The perturbation {#Sec4}
----------------

To compute the correlator of two light and two heavy operators one should consider the wave equation for a perturbation in the background ([3.1](#Equ15){ref-type=""}). The bosonic light operator $\documentclass[12pt]{minimal}
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CFT interpretation of the bulk correlator {#Sec7}
=========================================
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In the case of the heavy state discussed in Sect. [3.3](#Sec6){ref-type="sec"}, it is possible to show that light-cone OPE reproduces the $\documentclass[12pt]{minimal}
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Late-time behaviour of the exact correlator {#Sec8}
===========================================

For finite *b* we were not able to resum the series in ([3.45](#Equ62){ref-type=""}). However, it is still possible to extract useful information already from ([3.45](#Equ62){ref-type=""}), and in particular one can analyze the behaviour of the correlator for large values of the Lorentzian time $\documentclass[12pt]{minimal}
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Since the geometries ([3.8](#Equ22){ref-type=""}), dual to the pure states ([1.2](#Equ2){ref-type=""}), reduce to the naive D1D5 geometry ([5.1](#Equ72){ref-type=""}) in the limit $\documentclass[12pt]{minimal}
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Summary and outlook {#Sec9}
===================

In this paper we used the supergravity approximation of type IIB string theory to derive, via the AdS$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$, the strong coupling expression for the HHLL correlators ([2.4](#Equ6){ref-type=""}) where the two light operators are the bosonic states in ([2.5](#Equ7){ref-type=""}) and the heavy operators belong to the ensemble of RR ground states in ([1.2](#Equ2){ref-type=""}). As reviewed in Sect. [2](#Sec2){ref-type="sec"}, at the orbifold point in the superconformal moduli space, it is straightforward to calculate these correlators in full generality. This was exploited in \[[@CR19], [@CR20]\] to extract interesting properties of the correlators for *generic* RR ground states. Of course, in order to study the problem in a regime where weakly coupled AdS gravity is a valid approximation, one needs to deform the orbifold description and move to a region where the CFT is strongly coupled. Here we bypassed this challenging task by working directly with the supergravity description, and to make the computation feasible we restricted to the regime ($\documentclass[12pt]{minimal}
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                \begin{document}$$k\ge 2$$\end{document}$) we were able to compute the correlator at strong coupling for all values of the R-charge (even if only in the form of a Fourier series), including the limit in which the R-charge becomes vanishingly small. To make contact between the gravity results (([3.29](#Equ46){ref-type=""}), ([3.30](#Equ47){ref-type=""}) and ([3.44](#Equ61){ref-type=""}), ([3.45](#Equ62){ref-type=""})) and the CFT point of view, we started to look at different OPE limits of the correlator. In the light-cone OPE limit the only contributions to the bosonic correlator come from the Virasoro descendants of the identity, as expected (see for instance the discussion in Appendix A of \[[@CR27]\]) for generic correlators in a CFT where the stress tensor is the only conserved current. In the usual Euclidean OPE, however, other primaries beyond the identity contribute, the first ones appearing at dimension $\documentclass[12pt]{minimal}
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                \begin{document}$$h={\bar{h}}=2$$\end{document}$ for the bosonic correlator. Summing over these primaries crucially changes the qualitative late-time behaviour of the correlator: while each individual classical Virasoro conformal block vanishes at late times, we verify in Sect. [5](#Sec8){ref-type="sec"} that our correlator has an oscillatory behaviour for arbitrarily large time, as expected in a unitary theory without information loss. Note that this results holds also for states that are far from the maximally spinning ground state, for which the correlator is dynamical and not fixed by the symmetries.

We thus see that correlators in pure states are consistent with unitarity both at the orbifold and at the supergravity point, but the exchanged operators that guarantee the unitary behaviour are different at the two points. While in the free theory correlators receive contributions from an infinite series of conserved currents that are lifted at a generic point in the moduli space, contributions from new primaries appear in the strong coupling result. Since, in all known cases, non-protected single trace operators acquire divergent anomalous dimensions in the supergravity limit, these primaries must be multi-particle operators, i.e. operators made by products of fields evaluated on different copies of the CFT. Multi-particle operators generically have anomalous dimensions and three-point functions that acquire moduli-dependent corrections in the 1 / *N* expansion, and hence they can give finite contributions to correlators that are not visible at the orbifold point. One of the most immediate and potentially interesting developments of our work is a closer analysis of these multi-particle operators. An extension of the techniques developed in the AdS$\documentclass[12pt]{minimal}
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                \begin{document}$$_4$$\end{document}$ context (see for instance \[[@CR35], [@CR36]\]) should allow us to extract the first corrections to the anomalous dimensions and the three-point functions from the supergravity correlators, thus investigating the consistency of our results and gaining a better understanding of the mechanism by which information is encoded in the dynamical correlators.

The analysis in this article has been limited to RR ground states, for which we have complete control over the dual supergravity geometries. Though these states have interesting statistical properties and an entropy that scales like a positive power of the central charge, they represent a "degenerate" toy model for a black hole, in the sense that the ensemble of such states is not described by a black hole with a finite horizon in classical supergravity. It would thus be significant to extend our analysis to states with an excited left (or the right) sector. In particular a family of such states has recently been constructed \[[@CR31]--[@CR33]\], of which a subset is known \[[@CR34]\] to have factorizable 6D metric, in the sense explained in Sect. [3](#Sec3){ref-type="sec"}. It would be interesting to see if the general mechanism for information conservation suggested by our study is confirmed in an ensemble dual to a regular black hole, or if new qualitative features emerge. Another interesting extension of our method is to HHLL correlators in higher-dimensional CFTs. A natural set-up is provided by the LLM geometries \[[@CR37]\], which are dual to 1/2 BPS operators of $\documentclass[12pt]{minimal}
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                \begin{document}$$N^2$$\end{document}$. Investigations in this direction are already under way.

Appendix A: The orbifold D1D5 CFT {#Sec10}
=================================

For the orbifold D1D5 CFT we follow the conventions of \[[@CR22]\]. In particular, in deriving the Ward identity ([2.12](#Equ14){ref-type=""}) we used the explicit form of the left and right supercurrents$$\documentclass[12pt]{minimal}
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In a twisted sector, the boundary conditions mix different copies of the CFT to form a strand of length *k*, which means that we have the following periodicities:$$\documentclass[12pt]{minimal}
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Appendix B: Wave equation {#Sec11}
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Appendix C: Bulk integrals {#Sec12}
==========================

We describe here the steps that lead from ([3.28](#Equ45){ref-type=""}) to ([3.29](#Equ46){ref-type=""}). The manipulations we perform are standard in Witten diagrams computations and are similar to the ones described in Appendix E of \[[@CR23]\].
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See \[[@CR6]\] for a critical discussion of this system.

There is a vast literature on holographic four point correlators in the context of the $\documentclass[12pt]{minimal}
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As explained in Sect. [4](#Sec7){ref-type="sec"}, it is convenient to use the Virasoro blocks defined with respect to the "reduced" Virasoro generators, given by the full Virasoro minus their R-current Sugawara contribution.

For a derivation of Virasoro blocks in the limit of large central charge from AdS$\documentclass[12pt]{minimal}
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The contribution of these primaries should be relevant also at finite values of the central charge, as each exact individual Virasoro block is still expected to decay at late times \[[@CR30]\].

We summarise the definitions and the basic properties of the orbifold D1D5 CFT in Appendix [A](#Sec10){ref-type="sec"}.

Note that in ([3.44](#Equ61){ref-type=""}) we have not included the disconnected contribution to the correlator; this contribution can be computed in the free theory and is given by the *O*(*N*) term in ([3.30](#Equ47){ref-type=""}) at all values of $\documentclass[12pt]{minimal}
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It is easy to see this from ([C.6](#Equ118){ref-type=""}) by rewriting $\documentclass[12pt]{minimal}
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To be precise, the heavy operators dual to the 2-charge geometries are linear combinations of terms with different values of $\documentclass[12pt]{minimal}
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Note, however, that one cannot directly compare the $\documentclass[12pt]{minimal}
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